Glucose is the preferred carbon source for the yeast Saccharomyces cerevisiae. Glucose limitation activates Snf1 protein kinase, a key regulator of energy homeostasis that promotes utilization of alternative carbon sources and enforces energy conservation. Snf1 activation requires phosphorylation of its T-loop threonine (Thr210) by upstream kinases. When glucose is abundant, Snf1 is inhibited by Thr210 dephosphorylation. This involves the function of the type 1 protein phosphatase Glc7, which is targeted to Snf1 by a regulatory subunit, Reg1. The reg1 mutation causes increased Snf1 activity and mimics various aspects of glucose limitation, including slower growth. Reg2 is another Glc7 regulatory subunit encoded by a paralogous gene, REG2. Previous evidence indicated that the reg2 mutation exacerbates the Snf1-dependent slow-growth phenotype caused by reg1, suggesting a link between Reg2 and Snf1. Here, we explore this link in more detail and present evidence that Reg2 contributes to Snf1 Thr210 dephosphorylation. Consistent with this role, Reg2 interacts with wild-type Snf1 but not with nonphosphorylatable Snf1-T210A. Reg2 accumulation increases in a Snf1-dependent manner during prolonged glucose deprivation, and glucose-starved cells lacking Reg2 exhibit delayed Snf1 Thr210 dephosphorylation and slower growth recovery upon glucose replenishment. Accordingly, cells lacking Reg2 are outcompeted by wild-type cells in the course of several glucose starvation/replenishment cycles. Collectively, our results support a model in which Reg2-Glc7 contributes to the negative control of Snf1 in response to glucose refeeding after prolonged starvation. The competitive growth advantage provided by Reg2 underscores the evolutionary significance of this paralog for S. cerevisiae.
G
lucose is a preferred source of carbon and energy for a wide variety of microorganisms. Although the yeast Saccharomyces cerevisiae can exist in many different environments, it is particularly known for its ability to flourish under glucose-rich conditions, a property exploited by humans for millennia to make wine (reviewed in references 1 and 2). Consistent with the importance of glucose for its growth and metabolism, S. cerevisiae has evolved a complex regulatory network that controls responses to glucose availability, with a central role played by a protein kinase called Snf1 (sucrose nonfermenting 1) (reviewed in reference 3).
Yeast Snf1 is a founding member of the highly conserved Snf1/ AMP-activated protein kinase (AMPK) family (reviewed in reference 4). A unifying feature of Snf1/AMPK kinases is that they serve as the "fuel gauge" (5) of the eukaryotic cell: as energy levels decrease, these kinases are activated and function to balance the energy "budget" by reducing energy spending and by increasing energy "income." In mammals, AMPK coordinates cell growth and proliferation with energy availability (6) and has been implicated in health conditions ranging from type 2 diabetes to cancer (7, 8) . In yeast, lack of Snf1 leads to inability to utilize carbon sources that are less preferred than glucose, including sucrose, galactose, maltose, and starch (9) (10) (11) . Genetic manipulation of Snf1 and/or its targets has been a useful strategy for achieving various practical goals in yeast biotechnology, such as improved maltose utilization (12) , galactose utilization and ethanol production (13) , fatty acid production (14, 15) , and biomass yields (16) .
Thus, greater understanding of Snf1 regulation could help identify additional approaches for rational design of yeast strains.
When glucose is limiting, Snf1 is activated through the actions of three partially redundant protein kinases (Sak1, Tos3, and Elm1), which phosphorylate its conserved T-loop threonine residue (Thr210) (17) (18) (19) (20) (21) . When glucose becomes abundant, Snf1 is inhibited by dephosphorylation, which involves the function of the PP2A-like protein phosphatase Sit4 and the type 1 protein phosphatase Glc7 (4, 22, 23) .
The type 1 protein phosphatase Glc7 associates with various regulatory subunits that target it to appropriate substrates, thereby allowing it to have multiple cellular functions. One of these subunits, Reg1 (24) , is known to play a major role in enabling Glc7 to recognize and dephosphorylate Thr210 of Snf1 (17, 25, 26) . The reg1 mutation causes increased levels of phosphoThr210-Snf1 and Snf1 kinase activity, thereby mimicking glucose limitation; indeed, cells lacking Reg1 exhibit constitutive (glucose-insensitive) expression of Snf1-dependent genes required for alternate carbon source utilization (17, 24, 27) . In addition, the reg1 mutation confers a Snf1-dependent slow-growth phenotype (22, 28, 29) . This slow growth, which is observed even in the presence of abundant glucose, likely reflects hyperactivation of an energy-saving function of Snf1. Genetic interactions of the reg1 mutation with respect to the slow-growth phenotype could identify additional regulators in the Snf1 pathway.
Reg2 is another regulatory subunit of Glc7 that shares homology with Reg1 (28, 30) . In fact, REG1 and REG2 are a pair of paralogous genes that arose during an ancient whole-genome duplication event in an ancestral yeast species (31) . Although the reg2 mutation alone does not cause any phenotypic defects comparable to those caused by reg1, it does exacerbate the slow-growth phenotype of the reg1 mutant; importantly, the slow growth of the reg1 reg2 double mutant depends on Snf1, suggesting that, like Reg1, Reg2 might be functionally related to Snf1 (28) .
In this study, we addressed the possible role of Reg2 in the negative control of Snf1. We present evidence that Reg2 physically interacts with Snf1 and contributes to its Thr210 dephosphorylation in response to abundant glucose and that this effect depends on the ability of Reg2 to interact with Glc7. Reg2 accumulates during prolonged glucose deprivation in a Snf1-dependent manner, and glucose-starved cells lacking Reg2 exhibit a delay in Snf1 Thr210 dephosphorylation and growth recovery upon glucose replenishment. We also show that cells lacking Reg2 are outcompeted by wild-type cells during glucose starvation/replenishment cycles, supporting the evolutionary significance of Reg2 for S. cerevisiae.
MATERIALS AND METHODS
Strains and growth conditions. The S. cerevisiae strains used in this study are listed in Table 1 . Except for strain CTY10-5d (R. Sternglanz, SUNY, Stony Brook, NY), used for yeast two-hybrid assays where indicated, all the strains were in the ⌺1278b genetic background and were descendants of strains MY1384 (MATa; prototroph), MY1401 (MAT␣ ura3⌬ leu2⌬ his3⌬), and MY1402 (MATa ura3⌬ leu2⌬ trp1⌬) of the isogenic Sigma2000 series (Microbia, Cambridge, MA). To generate ⌺1278b derivatives with reg2⌬::KanMX6, the marker sequence was amplified by PCR with primers flanking the REG2 open reading frame (ORF). The mutant allele was first introduced into a wild-type diploid (MKY324 ϫ MKY341) by transformation; all yeast transformations were performed using standard methods (32) . The genotype of the heterozygous REG2/ reg2⌬::KanMX6 diploid was confirmed by PCR analysis of genomic DNA, and haploid reg2⌬::KanMX6 segregants were recovered from the heterozygous diploid by tetrad analysis. Construction of the reg1⌬::URA3, reg1⌬::KanMX6, and snf1⌬::KanMX6 derivatives was described previously (33, 34) . The reg1⌬ reg2⌬ double mutant was constructed by crossing MMY9 (reg2⌬::KanMX6) and KBY247 (reg1⌬::URA3), followed by tetrad analysis.
The rich medium was yeast extract-peptone (YEP) supplemented with extra tryptophan (40 mg/liter) and adenine (20 mg/liter); synthetic complete (SC) medium lacking appropriate supplements was used to select for plasmids (32) . Unless otherwise indicated, the media contained 2% glucose, and yeast cells were grown at 30°C.
Yeast two-hybrid assays. All the plasmids expressing fusion proteins for the yeast two-hybrid experiments were based on vector pEG202, pACTII, or pVP16, all of which provide expression from the ADH1 promoter (35) (36) (37) . Plasmids pIT469 (38) and pRJ79 (39) express LexA-Snf1 and VP16-Snf1 from vectors pEG202 and pVP16, respectively. Plasmids pRJ215 and pRJ217 express LexA-Snf1-K84R and LexA-Snf1-T210A, respectively, from vector pEG202 (40, 41) . To construct pLexA-Glc7, a PCR fragment encompassing the GLC7 ORF was inserted at the BamHI site of pEG202. To construct pLexA-Reg2 and pGAD-Reg2, a PCR fragment encompassing the REG2 ORF was inserted at the BamHI sites of pEG202 and pACTII, respectively. Plasmids pLexA-Reg2-IF and pGAD-Reg2-IF are identical to plasmids pLexA-Reg2 and pGAD-Reg2, respectively, except that they carry mutations that change the Ile169 and Phe171 codons of Reg2 to Met and Ala codons, respectively; the mutations were introduced essentially as described previously (42) using a mutagenic primer that also creates silent diagnostic restriction sites overlapping the Met and Ala codons (NdeI and HaeIII, respectively).
The reporter strains were CTY10-5d, carrying an integrated lexAoplacZ reporter, and MKY343, carrying a lexAop-lacZ reporter plasmid, pSH18-18, a derivative of pLR1⌬1 (43) . The reporter strains were cotransformed with pairs of plasmids expressing the protein pairs being tested. This study
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The transformants were grown to mid-log phase with plasmid selection in SC lacking the appropriate supplements and containing 2% glucose and then shifted for 3 h to an otherwise identical medium containing 0.05% glucose. ␤-Galactosidase activity was assayed in permeabilized cells and expressed in Miller units, as described previously (44) . Expression of the fusion proteins was confirmed by immunoblotting as follows. Representative transformants were grown under conditions identical to those used to measure ␤-galactosidase activity. Cell extracts were prepared using the boiling/alkaline lysis method (45) . Proteins were separated by SDS-PAGE and analyzed by immunoblotting. LexA fusion proteins were detected with anti-LexA antibody (Millipore). The GADReg2 and GAD-Reg2-IF fusion proteins contain a hemagglutinin (HA) epitope tag between the Gal4 activation domain (GAD) and Reg2 (or Reg2-IF) and were detected with the anti-HA antibody HA-7 (SigmaAldrich). VP16-Snf1 was detected using the anti-polyhistidine antibody H1029 (Sigma-Aldrich), which strongly recognizes Snf1 due to the presence of a natural tract of 13 consecutive histidines (45) . Thr210-phosphorylated Snf1 proteins were detected with anti-phospho-Thr172-AMPK (Cell Signaling Technology) as described previously (45) . Signals were detected by enhanced chemiluminescence using Pierce ECL2 or HyGlo (Denville Scientific).
Coimmunoprecipitation assays. Plasmid pHA-Reg2 expresses N-terminal triple-HA-epitope-tagged Reg2 (HA-Reg2) and was constructed by inserting the REG2 coding sequence into the BamHI site of vector pSK134HA, which provides expression from the ADH1 promoter (34) . Plasmids pSM14 and pMO16 (46) express untagged wild-type Snf1 and Snf1-T210A, respectively, from vector pRS316 (47) . Cells of strain MKY362 (snf1⌬) were transformed with plasmid pSM14 expressing Snf1 or with plasmid pMO16 expressing Snf1-T210A and cotransformed with plasmid pHA-Reg2. The cells were grown to mid-log phase with plasmid selection in SC lacking leucine and uracil and containing 2% glucose and then shifted to an otherwise identical medium containing 0.05% glucose for 15 min, which is sufficient for Snf1 activation (22) . Protein extracts were prepared, and immunoprecipitations (from 200 g of protein per reaction) were performed essentially as described previously (40) in a buffer containing 0.1% Triton X-100 and 100 mM NaCl, followed by three washes in the presence of 250 mM NaCl; the antibody used for immunoprecipitation of Snf1 and Snf1-T210A was the anti-polyhistidine antibody H1029 (Sigma-Aldrich), which recognizes the natural polyhistidine tract in Snf1 (45) . The immunoprecipitates were examined for the presence of HA-Reg2 by immunoblotting with anti-HA-peroxidase (Roche). The total levels of immunoprecipitated Snf1 and its Thr210 phosphorylation state were determined using anti-polyhistidine and antiphospho-Thr172-AMPK antibodies, respectively (45). Signals were detected by enhanced chemiluminescence using Pierce ECL2 or HyGlo (Denville Scientific). The extracts were analyzed by immunoblotting similarly (10 g protein per lane).
Analysis of regulation of Reg2 expression.
To analyze Reg2 expression from the native REG2 promoter, a low-copy-number plasmid, pReg2-L-HA, was used. This plasmid encodes a Reg2 protein C-terminally tagged with LexA followed by triple HA (here referred to as Reg2-L-HA) and was constructed as follows. First, the REG2 gene, including its 0.52-kb upstream regulatory sequence (the entire intergenic region between REG2 and its upstream neighbor RFS1), was amplified by PCR using wild-type genomic DNA as the template; the reverse primer used for this PCR also included a BspEI site and a sequence encoding a single HA tag. The resulting PCR fragment was then inserted into the BamHI site of the low-copy-number CEN-URA3 vector pRS316 (47) , yielding plasmid pReg2-Bsp-HA. Next, the lexA ORF was amplified by PCR using plasmid pEG202 as the template; the reverse primer used for this PCR also included sequences for two consecutive HA tags. The resulting fragment was inserted into the BspEI site of plasmid pReg2-Bsp-HA, yielding pReg2-L- HA. The plasmid was then transformed into wild-type and mutant yeast strains, and the transformants were subjected to various culture conditions as specified below. Protein extracts were prepared using the boiling/ alkaline lysis method (45) , and Reg2-L-HA expression levels were analyzed by immunoblotting with the anti-HA antibody HA-7 as described above.
Mixed-culture competition assays. Strains MKY323 (MAT␣ ura3) and MMY9 (MAT␣ ura3 reg2⌬::KanMX6) were grown to mid-log phase in YEP with 2% glucose. The cultures were adjusted to an optical density at 600 nm (OD 600 ) of 0.15 with YEP-2% glucose medium, mixed together in equal proportions, and grown for 4 h to an OD 600 of ϳ0.6. The mixedculture cells were then subjected to 10 cycles of glucose starvation/glucose replenishment. For glucose starvation, cells were shifted to YEP medium lacking glucose for 24 h. For glucose replenishment, the starved cells were shifted to YEP containing 2% glucose (at an initial OD 600 of 0.15) and grown for 5 to 6 h; all incubations were at 30°C with shaking at 200 rpm. To determine the proportion of reg2⌬::KanMX6 cells, culture aliquots were plated on YEP with 2% glucose, and following colony formation, the number of kanamycin-resistant colonies was determined by replica plating onto YEP containing 2% glucose and 200 g/ml kanamycin.
RESULTS
Reg2 interacts with Snf1 in the two-hybrid system. We first tested whether, like Reg1, Reg2 physically interacts with Snf1. To address this possibility, we first used the yeast two-hybrid system. We constructed a fusion protein in which the Gal4 activation domain (GAD) is fused at the amino terminus of Reg2 (GAD-Reg2) and tested the ability of GAD-Reg2 to activate transcription of an integrated lexAop-lacZ reporter gene when coexpressed with a LexA-Snf1 fusion protein (38) in the reporter strain CTY10-5d. Under high-glucose conditions (2% glucose), reporter activation in cells expressing LexA-Snf1 and GAD-Reg2 was not substantially higher than in the vector controls, but under glucose-limiting conditions (0.05% glucose), LexA-Snf1 and GAD-Reg2 interacted strongly (Fig. 1A) , and the increased interaction could not be attributed to increased fusion protein levels (Fig. 1B) .
We also constructed a LexA-Reg2 fusion and examined its ability to interact with a VP16-Snf1 fusion (39) . Similarly, the interaction was stronger under glucose-limiting conditions (Fig. 1A) without an increase in the levels of the interaction partners (Fig. 1C) .
Thus, these experiments indicated that Reg2 and Snf1 interact in the two-hybrid system in a glucose-regulated manner.
Mutation of the Snf1 activation loop threonine abolishes interaction with Reg2. To determine if the Reg2-Snf1 interaction depends on the Thr210 phosphorylation state or catalytic activity of Snf1, we used yeast two-hybrid assays to compare the ability of GAD-Reg2 to interact with LexA-Snf1 and with two mutant derivatives: nonphosphorylatable LexA-Snf1-T210A and kinasedead LexA-Snf1-K84R with a mutation in the ATP-binding site (48) .
Under high-glucose conditions, the mean ␤-galactosidase activities were low for all the combinations examined (2.5 U or lower); under glucose-limiting conditions, GAD-Reg2 strongly interacted with LexA-Snf1 (170 U) and with kinase-dead LexASnf1-K84R (86 U), but there was no significant interaction with nonphosphorylatable LexA-Snf1-T210A (Ͻ3 U) ( Fig. 2A) . The 18 ) and expressing the indicated protein pairs was grown to mid-log phase in selective SC medium lacking uracil, histidine, and leucine and containing abundant (2%) glucose and then shifted for 3 h to an otherwise identical medium containing limiting (0.05%) glucose. ␤-Galactosidase activity was assayed in permeabilized cells and expressed in Miller units. Shown are the results for limiting glucose; the values are averages for five transformants, and the error bars indicate standard errors. Under glucose-rich conditions, the values were 2.5 U or lower. (B) Representative transformants were cultured under glucose-limiting conditions as for panel A, and the levels of LexA-Snf1 phosphorylated at Thr210 (P-T210), total LexA-Snf1 (Total), and GAD-Reg2 were confirmed by immunoblotting as described in Materials and Methods. WT, LexA-Snf1; TA, LexA-Snf1-T210A; KR, LexA-Snf1-K84R. The cells also expressed GAD-Reg2 (GAD-Reg2, ϩ) or carried the corresponding vector pACTII (GAD-Reg2, Ϫ). (C) Coimmunoprecipitation assays. Cells of strain MKY362 (snf1⌬) transformed with combinations of plasmids expressing HA-Reg2 and wild-type Snf1 (WT) or nonphosphorylatable Snf1-T210A (TA) were grown to mid-log phase in selective SC medium lacking leucine and uracil and containing abundant (2%) glucose and then shifted to an otherwise identical medium containing limiting (0.05%) glucose for 15 min. Following the shift to limiting glucose, protein extracts were prepared, and Snf1 was immunoprecipitated with anti-polyhistidine antibody. The immunoprecipitates (IP: Snf1) and extracts (Extract) were examined by immunoblotting for the presence of phospho-Thr210-Snf1 (P-T210), total Snf1 protein (Total), and HA-Reg2.
observed interaction defect between GAD-Reg2 and LexA-Snf1-T210A could not be attributed to reduced expression of the fusion proteins, as determined by immunoblot analysis (Fig. 2B) . Furthermore, this defect could not be attributed to the lack of catalytic activity, since GAD-Reg2 still interacted quite strongly with the kinase-dead LexA-Snf1-K84R.
We further examined the interaction between Reg2 and nonphosphorylatable Snf1-T210A by coimmunoprecipitation. We coexpressed HA-Reg2 and either Snf1 or Snf1-T210A in a snf1⌬ strain. Cells were cultured in limiting glucose (to promote Thr210 phosphorylation), protein extracts were prepared, and the Snf1 and Snf1-T210A proteins were immunoprecipitated with antipolyhistidine antibody. The immunoprecipitates were then examined for the presence of HA-Reg2 by immunoblotting. HA-Reg2 coimmunoprecipitated with Snf1, but not with Snf1-T210A (Fig. 2C) .
Collectively, these experiments indicated that Thr210 of Snf1 is critical for its interaction with Reg2, suggesting that like Reg1 (25), Reg2 interacts with the phosphorylated form of Snf1.
The reg2⌬ mutation does not result in constitutive Thr210 phosphorylation of Snf1 during exponential growth on high glucose. To investigate the role of Reg2 in Snf1 regulation, we first tested for possible effects of the reg2⌬ mutation on the Thr210 phosphorylation status of Snf1. Wild-type and mutant cells were grown to mid-log phase in the presence of abundant (2%) glucose and shifted to limiting (0.05%) glucose for 1 h, and the Thr210 phosphorylation status of Snf1 was determined by immunoblotting as described previously (45) . The levels of phospho-Thr210-Snf1 in the reg2⌬ mutant were comparable to those in the wild type under both conditions (Fig. 3A) . Thus, unlike the reg1⌬ mutation (17) (see Fig. 7 ), the reg2⌬ mutation did not lead to any discernible difference in the Thr210 phosphorylation status of Snf1 during exponential growth in high glucose.
It remained possible that the reg2⌬ mutant differs from the wild type with respect to rapid Snf1 dephosphorylation in response to glucose replenishment. To test this possibility, glucose-limited wildtype and reg2⌬ cells were prepared as described above and then re- Overexpression of Reg2 during growth in abundant glucose reduces phosphoThr210-Snf1 levels. Strains of the indicated genotypes carrying plasmid pLexA-Reg2 (LexA-Reg2, ϩ) or the corresponding vector pEG202 (LexAReg2, Ϫ) were grown to mid-log phase in selective SC medium lacking histidine and containing 2% glucose. The levels of LexA-Reg2, phospho-Thr210-Snf1 (P-T210), and total Snf1 protein (Total) were analyzed by immunoblotting. (B) Overexpression of LexA-Reg2 suppresses the slow growth caused by reg1⌬. Cells of the indicated genotypes carrying vector pEG202 (LexA) or plasmid pLexA-Reg2 (LexA-Reg2) were streaked on SC medium lacking histidine and containing 2% glucose and grown for 3 days. The strains were MKY343 (WT) and KBY247 (reg1⌬).
FIG 5
Overexpression of Reg2 has no significant effect on the Thr210 phosphorylation status of Snf1 in low glucose. (A) Wild-type cells (MKY343) transformed with pLexA-Reg2 (LexA-Reg2, ϩ) or with the corresponding vector pEG202 (LexA-Reg2, Ϫ) were grown to mid-log phase in SC medium lacking histidine and containing 2% glucose (H, high glucose) and then shifted to an otherwise identical medium containing 0.05% glucose (L, low glucose). The levels of LexA-Reg2, phospho-Thr210-Snf1 (P-T210), and total Snf1 protein (Total) were analyzed by immunoblotting. (B) Expression of LexA-Reg2 in 2% glucose (H, high glucose) and in 0.05% glucose (L, low glucose). Cells of MKY343 (WT) transformed with pLexA-Reg2 were grown as for panel A. plenished with glucose for 1 min. However, no obvious dephosphorylation defect was observed in the mutant (Fig. 3B and C) .
Overexpression of Reg2 leads to reduced phospho-Thr210-Snf1 during growth in abundant glucose. We next examined the effects of Reg2 overexpression. To this end, we used LexA-Reg2, which is expressed from the ADH1 promoter of the multicopy vector pEG202 (35) . Overexpression of LexA-Reg2 resulted in a significant reduction of the levels of phospho-Thr210-Snf1 both in the wild type and in the reg1⌬ mutant during growth in abundant glucose (Fig. 4A) . Consistent with previous results (28) , in control experiments, we observed that overexpression of LexAReg2 improved the growth of the reg1⌬ mutant (Fig. 4B) .
In contrast to cells grown in high glucose, wild-type cells with LexA-Reg2 exhibited no discernible reduction in the phospho- Thr210 level in limiting glucose (Fig. 5A) . It should be noted that, as we often observe with proteins expressed from the vector pEG202, the LexA-Reg2 protein level was somewhat reduced in limiting glucose relative to abundant glucose (Fig. 5B) , but it seems unlikely that this reduction alone could be responsible for the lack of any apparent effect on Snf1. We conclude that Reg2 overexpression negatively affects Snf1, at least in the presence of abundant glucose.
The RVxF motif of Reg2 is required for its interaction with Glc7. Reg1 and Reg2 both possess variants of the so-called RVxF motif found in many eukaryotic type 1 protein phosphatase-interacting proteins (RHIHF and RHIKF, respectively) (Fig. 6A) . It was previously shown that the RVxF motif of Reg1 is required for its interaction with Glc7 (42, (49) (50) (51) . To determine the role of the apparent RVxF motif of Reg2, we mutated the two critical hydrophobic residues, isoleucine (Ile169) and phenylalanine (Phe171), to methionine and alanine, respectively, by analogy to prior studies with Reg1 (42, 51) . Since the Reg1 double mutant (I466M F468A) was previously called Reg1-IF (42), we similarly refer to the equivalent Reg2 double mutant (I169M F171A) as Reg2-IF.
Consistent with previous results (28), wild-type Reg2 interacted strongly with Glc7 in the yeast two-hybrid system (Fig. 6B) . In contrast, the Reg2-IF mutant exhibited a severe Glc7 interaction defect. Immunoblot analysis showed similar levels of the LexA-Glc7, GAD-Reg2, and GAD-Reg2-IF fusion proteins in both cases (Fig. 6C) . These results strongly suggest that the RVxF motif of Reg2 is required for its interaction with Glc7.
In support of a functional defect, overexpression of Reg2-IF (as LexA-Reg2-IF) was unable to restore the growth of the reg1⌬ mutant to the wild-type level (Fig. 6D) and to reduce the levels of phospho-Thr210-Snf1 in this mutant during growth on high glucose (Fig. 6E) .
It was previously reported that the RVxF motif of Reg1 is required for interaction not only with Glc7 but also with Snf1, since Reg1-IF was unable to interact with either (42) . We therefore also tested Reg2-IF for interaction with Snf1. The observed interaction pattern was similar to that of wild-type Reg2, as GAD-Reg2-IF interacted with LexA-Snf1 and kinase-dead LexA-Snf1-K84R under low-glucose conditions, but it did not interact with nonphosphorylatable LexA-Snf1-T210A (Fig. 6F) . Thus, these results provide no evidence that the RVxF motif of Reg2 is required for its interaction with Snf1.
Combined effects of reg1⌬ and reg2⌬. The above-described overexpression and interaction experiments provided evidence that Reg2 is involved in the negative control of Snf1. Since the reg2⌬ single mutation did not affect the Thr210 phosphorylation status of Snf1 in our earlier experiments (Fig. 3) , we next examined whether reg2⌬ could affect Snf1 when combined with reg1⌬.
We constructed reg1⌬ reg2⌬ double-mutant cells by genetic crossing and used immunoblotting to monitor the levels of phospho-Thr210-Snf1. Cells were grown in the presence of abundant glucose and then shifted to limiting glucose. In this experimental setting, however, the levels of phospho-Thr210-Snf1 in the reg1⌬
FIG 7
Combined effects of reg1⌬ and reg2⌬. (A to C) Cells of the indicated genotypes were grown to mid-log phase in YEP containing 2% glucose (H, high glucose) and shifted for 1 h to YEP containing 0.05% glucose (L, low glucose); where indicated, the glucose-limited cells were then replenished with abundant (2%) glucose for 1 min (ϩ1=) or 5 min (ϩ5=). The levels of phosphorylated Thr210 (P-T210) and total Snf1 protein (Total) were analyzed by immunoblotting. The strains were MMY128 (WT), MMY40 (reg1⌬), MMY41 (reg2⌬), MMY42 (reg1⌬ reg2⌬), and MKY362 (snf1⌬). (D) A representative tetratype tetrad from a cross between strains MMY9 (reg2⌬) and KBY247 (reg1⌬). Segregants were micromanipulated onto YEP containing 2% glucose and grown for 4 days. The centers of the colonies are ϳ5 mm apart. (E) Cells of the indicated genotypes transformed with vector pRS316 (V) or pReg2-L-HA (Reg2-L-HA) were grown in SC medium lacking uracil and containing 2% glucose (H, high glucose) and then shifted for 1 h to an otherwise identical medium containing 0.05% glucose (L, low glucose). The levels of tagged Reg2 expressed from its native promoter (Reg2-L-HA) were analyzed by immunoblotting; Por1 was used as a loading control (Porin) and detected using an anti-Por1 antibody (Invitrogen). The strains were MKY191 (WT), MKY366 (snf1⌬), KBY266 (reg1⌬), and KBY238 (snf1⌬ reg1⌬). reg2⌬ double mutant were similar to those in the reg1⌬ single mutant (Fig. 7A) .
In the course of our experiments with the reg1⌬ single mutant, we noted that glucose readdition to glucose-limited cells results in a rapid (1-min) reduction of phospho-Thr210-Snf1 to a level that was discernibly below that observed during exponential growth in abundant glucose (Fig. 7B, compare lanes 5 and 7) . The effect was transient, as the level of phospho-Thr210-Snf1 increased again 5 min after glucose readdition (Fig. 7B, compare lanes 7 and 8) . We considered the possibility that this rapid/transient dip in phospho-Thr210-Snf1 upon glucose replenishment might involve Reg2. We compared the Thr210 phosphorylation states of Snf1 in the reg1⌬ single, reg2⌬ single, and reg1⌬ reg2⌬ double mutants in response to readdition of glucose. Unlike with the reg1⌬ single mutant, there was no extra dip in the reg1⌬ reg2⌬ double mutant at 1 min after glucose addition (Fig. 7C, compare lanes 7 and 9) , suggesting that Reg2 might contribute to the rapid dephosphorylation of Snf1 upon glucose replenishment.
We note that these results still do not provide a conclusive explanation for the slow growth of the reg1⌬ reg2⌬ double mutant (28) (Fig. 7D) . It is known that this phenotype is Snf1 dependent (28), but as described above, there was no obvious increase in phospho-Thr210-Snf1 in the reg1⌬ reg2⌬ double-mutant cells relative to reg1⌬ single mutant cells during exponential growth in abundant glucose. It is possible that the slow growth of the double mutant is not directly related to Reg2's role in the negative control of Snf1 itself; instead, it could be related to a role in dephosphorylation of a Snf1 target involved in growth control, as was proposed previously (28) . However, we cannot exclude the possibility that immunoblot analysis simply does not have sufficient resolution to capture potentially relevant effects of reg2⌬ on Snf1 that are either transient or small in comparison to the effects of reg1⌬ yet sufficient to translate into larger phenotypic effects.
The lack of an obvious phenotype produced by the reg2⌬ single mutation yet the presence of a strong growth defect produced by its combination with reg1⌬ might be related to differential expression of the Reg2 protein in REG1 versus reg1⌬ cells. We therefore compared the levels of a C-terminally tagged Reg2 protein expressed from the native REG2 promoter in REG1 and in reg1⌬ cells. We observed that Reg2 is not detectably expressed in the wild type grown on high glucose (Fig. 7E) and is expressed only weakly after a 1-h shift to low glucose (Fig. 7E) . In contrast, Reg2 was expressed at much higher levels in reg1⌬ cells, under both highand low-glucose conditions (Fig. 7E) .
In a previous microarray study, REG2 was listed among genes positively regulated by Snf1 at the mRNA level (52) . To directly address the requirement for Snf1 for Reg2 protein expression, we examined the effects of the snf1⌬ mutation in the REG1 and reg1⌬ backgrounds. We observed a Reg2 expression defect in the snf1⌬ mutant after a 1-h shift to low glucose (Fig. 7E) . Moreover, we did not detect any Reg2 protein in the reg1⌬ snf1⌬ double mutant (Fig. 7E) , indicating that even in the absence of Reg1, Reg2 protein expression remains Snf1 dependent.
Reg2 plays a role in Snf1 inactivation after prolonged glucose starvation. We considered the possibility that the reg2⌬ mutation failed to produce detectable effects on its own (in REG1 cells), because Reg2 protein expression is quite low under the experimental conditions employed so far. In other words, the reg2⌬ single mutation could produce an effect under conditions where Reg2 is naturally expressed at a sufficiently high level. Since Reg2 expression showed an increase in response to short-term glucose limitation (1 h) (Fig. 7E) , we reasoned that its expression might increase even further in response to a longer starvation time. Indeed, we detected a higher Reg2 protein level after depriving cells of glucose for 24 h (Fig. 8A) , and expression still remained Snf1 dependent (Fig. 8B) .
When we added glucose back to wild-type and reg2⌬ mutant cells prestarved for 24 h, we finally detected a difference between the cells. Specifically, Snf1 Thr210 dephosphorylation occurred more slowly in the reg2⌬ mutant, as there was a clear difference in phospho-Thr210-Snf1 levels at 30 s, 1 min, and 5 min postreplenishment (Fig. 8C) ; in subsequent experiments, we also detected differences at later time points (Fig. 9B) (see below) . These results strongly suggested that Reg2 has an important role in the rapid dephosphorylation of Snf1 when glucose is added back after prolonged starvation.
Starved cells lacking Reg2 exhibit a growth recovery delay following glucose replenishment. Since increased Snf1 activity can cause slower growth, we next compared the abilities of glucose-starved wild-type and reg2⌬ mutant cells to resume growth upon glucose replenishment. When 2% glucose was added back to cells prestarved for 24 h, the reg2⌬ mutant required ϳ20 min longer than the wild type to undergo the first doubling (ca. 220 min versus 200 min, respectively) (Fig. 9A) , but there was no statistically significant difference in their second doubling times (ca. 130 min) (Fig. 9A) . The initial 20-min growth delay of the reg2⌬ mutant also coincided with higher levels of phosphoThr210-Snf1, which could be detected at 15, 20, and even 25 min after glucose readdition (Fig. 9B) .
Although the 20-min growth recovery delay of the reg2⌬ mutant may seem modest, if repeated over several starvation/replenishment cycles, it could translate into a substantial competitive disadvantage. To address this point, we performed mixed-culture competition assays. Wild-type and reg2⌬ cells were grown to midlog phase in glucose-rich medium, mixed in equal proportions, and subjected to repetitive cycles of 24-h glucose starvation followed by glucose replenishment. The proportion of the mutant cells in the culture progressively declined, dropping below 10% after 10 such cycles (Fig. 9C) . Thus, these results underscore the evolutionary significance of the REG2 gene.
DISCUSSION
REG1 and REG2 of S. cerevisiae are a pair of paralogous genes dating back to an ancient whole-genome duplication event in an ancestral yeast species (53) . In the course of evolution, most duplicate gene copies were lost, and more than 80% of the proteincoding genes in modern S. cerevisiae do not have a paralog (for a recent review, see reference 54). It was previously noted that many of the preserved gene pairs function in energy metabolism and/or its regulation (55) . It was further proposed that this functional bias, together with the freedom of the paralogs to acquire a degree of specialization, may have been beneficial for the ability of S. cerevisiae to outcompete other species by rapid glucose fermentation (56) . Rapid growth in glucose is associated with reduced Snf1 activity, emphasizing the importance of Snf1-inhibiting mechanisms. As a regulatory subunit of Glc7 protein phosphatase, the role of Reg1 in Snf1 inhibition has been firmly established (4), but the possible contribution of Reg2 to this process has not been fully understood.
In this study, we present evidence that Reg2 also contributes to the negative control of Snf1. First, like Reg1, Reg2 strongly interacts with Snf1; moreover, the results obtained suggest that this interaction requires that Snf1 be phosphorylated at Thr210, as would be expected if Snf1 is a dephosphorylation target for Reg2-Glc7. Second, Reg2 overexpression not only rescues the Snf1-dependent slow-growth phenotype of the reg1⌬ mutant (28), but is also accompanied by a reduction in phospho-Thr210-Snf1. Third, in cells experiencing prolonged glucose deprivation, Reg2 is needed for faster Snf1 Thr210 dephosphorylation upon glucose replenishment.
Although Reg2 is substantially smaller than Reg1 (338 versus 1,014 amino acids, respectively), both proteins contain variants of the so-called RVxF motif found in many eukaryotic type 1 protein phosphatase-interacting proteins. It was previously shown that the RVxF motif of Reg1 is required for its interaction with Glc7 (42, (49) (50) (51) . In this study, we present evidence that the RVxF motif of Reg2 is similarly required for Glc7 binding. This further supports the notion that, like Reg1, Reg2 is a bona fide regulatory subunit of Glc7.
Interestingly, the RVxF motif of Reg1 was also found to be Wild-type (REG2, ϩ) and reg2⌬ (REG2, ⌬) cells were grown to mid-log phase in YEP medium containing 2% glucose and shifted to YEP containing no glucose for 24 h, and glucose was then added at 2% (ϩGlu) for either 15 min (ϩ15=), 20 min (ϩ20=), or 25 min (ϩ25=). The levels of phosphorylated Thr210 (P-T210) and total Snf1 protein (Total) were analyzed by immunoblotting. (C) Wild-type and reg2⌬ cells were grown to mid-log phase in YEP medium containing 2% glucose, mixed in equal proportions, and subjected to 10 cycles consisting of a 24-h glucose starvation phase and a 5-to 6-h glucose replenishment phase, and the proportion of reg2⌬ cells was determined as described in Materials and Methods. In all the experiments, the strains were MKY323 (WT) and MMY9 (reg2⌬).
required for Reg1's interaction not only with Glc7 but also with Snf1 (42) . Based on these findings, a model was proposed in which the regulation of Snf1 by Reg1 occurs via a complex dynamic competition between Glc7 and Snf1 for Reg1 binding. Our results provide no evidence for such a model for Reg2, since an equivalent mutation of its RVxF motif did not abolish its interaction with Snf1. It remains possible that a similar binding competition could occur via an as yet unknown region of Reg2 other than its RVxF motif. However, it is also possible that the functional cycle of Reg2 is simpler than that of Reg1 and it does not require such competition. Evidence indicates that the Reg1 protein is expressed at similar levels under glucose-rich and glucose-limiting conditions (42) . In contrast, REG2 gene transcription (52, 57) and Reg2 protein abundance (this study) increase in response to glucose limitation in a Snf1-dependent manner. Furthermore, Reg2 protein expression increases even further following long-term glucose deprivation. We propose a model in which Snf1-dependent Reg2 accumulation during prolonged glucose deprivation prepares cells to more quickly dephosphorylate and inactivate Snf1 upon glucose replenishment (Fig. 10) .
We also show that Reg2 contributes to faster growth recovery when glucose is added back to cells after prolonged glucose deprivation. It seems logical to assume that at least part of the underlying mechanism involves Snf1 Thr210 dephosphorylation, but it seems possible, and even likely, that Reg2-Glc7 also dephosphorylates other growth-related targets. As proposed previously (28) , it seems likely that some additional growth-related targets of Reg2-Glc7 could actually be phosphorylation substrates of Snf1 itself. In this regard, it has been recently reported that Snf1 phosphorylates and negatively regulates adenylate cyclase (58) and that it also inhibits the progrowth TORC1 pathway in response to glucose starvation (59, 60) , raising the possibility that Reg2-Glc7 might target components of the Ras-cAMP-PKA and/or TORC1 pathway. It certainly also remains possible that some relevant targets of Reg2-Glc7 could lie outside the Snf1 pathway. Further studies will be required to address these various possibilities.
Regardless of whether the role of Reg2-Glc7 is limited to dephosphorylation and inactivation of Snf1 itself or extends to other targets, it is clear that the function provided by Reg2 bears evolutionary significance. The results presented in this study show that cells lacking Reg2 are readily outcompeted by wild-type cells in the course of a few glucose starvation/replenishment cycles. The ability of starved yeast cells to rapidly activate metabolism and growth following nutrient replenishment is crucial for competing with microbial neighbors, and the REG2 gene was likely preserved to help fulfill this function.
